Inclusive Photoproduction of Lepton Pairs in the Parton Model by Psaker, Ales
ar
X
iv
:h
ep
-p
h/
04
04
18
1v
1 
 2
1 
A
pr
 2
00
4
JLAB-THY-04-220
April 12, 2004
Inlusive Photoprodution of Lepton Pairs in the Parton Model
∗
A. PSAKER
Theory Group, Jeerson Laboratory,
Newport News, VA 23606, USA
and
Physis Department, Old Dominion University,
Norfolk, VA 23529, USA
In the framework of the QCD parton model, we study unpolarized sattering of high energy real
photons from a proton target into lepton pairs and a system of hadrons. For a given parametrization
of parton distributions in the proton, we alulate the ross setion of this proess and show the
anellation of the interferene terms.
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2I. INTRODUCTION
The inlusive virtual Compton sattering is the reation in whih a high energy lepton beam bombards a proton
target and satters o the target inelastially
l + p → l′ + γ +X, (1)
where l and l′ represent either an eletron or a muon and X a system of the nal state hadrons. This proess was
studied in the parton model by Brodsky et al. [1℄. The basi idea of the model is the assumption that at high energies
the onstituents of hadrons behave as if they are free point-like partiles. Thus, one piks up only the lowest order
eletromagneti ontributions to the ross setion and neglet all QCD orretions. In the present paper we onsider
inlusive photoprodution of lepton pairs
γ (k) + p (P ) → l− (p1) + l+ (p2) +X, (2)
whih is a rossed proess to Eq.(1). At the level of the elementary photon-parton sattering subproess, the inident
photon an either satter o a parton or split into a lepton pair. We all these ontributions the Compton and the
Bethe-Heitler proess, respetively. Sine we imagine the reation to our at very high energy, we an assume that
all the relevant parton masses are negligible.
II. THE COMPTON PROCESS
There are two Feynman diagrams orresponding to the Compton ontribution depited in Fig. 1. Using ǫν(k) and
Qa to denote the polarization vetor of the initial photon and the eletri harge of the parton of type a in units of
|e| we write the invariant matrix element as
MC =MC1 +MC2 = e
3Q2a
1
k′2
u(p1)γµv(p2)ǫν(k)u(p
′)
[
γµ 6kγν + 2γµpν
2 (p · k) +
−γν 6k′γµ + 2γνpµ
−2 (p′ · k)
]
u(p). (3)
Averaging the squared amplitude of Eq.(3) over the initial parton and photon polarizations and summing over the
nal lepton and parton polarizations, one gets
1
4
∑
polarizations
|MC |2 = e
6Q4a
4k′4
LµρH
µρ, (4)
where the leptoni and hadroni tensors are
Lµρ = 4
[
p1µp2ρ + p1ρp2µ − gµρ k
′2
2
]
, Hµρ = 4
{
AC
(p · k)2 +
BC
(p′ · k)2 +
CC
(p · k) (p′ · k)
}
, (5)
with the oeients
AC = (p · k) [p′µkρ + p′ρkµ − gµρ (p′ · k)] ,
BC = (p · k′) [p′µpρ + p′ρpµ] + (p′ · k′) [pµk′ρ + pρk′µ − 2pµpρ] + (p · p′) [2pµpρ − pµk′ρ − pρk′µ]
+
k′2
2
[−p′µpρ − p′ρpµ + gµρ(p · p′)]− gµρ (p · k′) (p′ · k′) ,
CC = (p · k) [p′µk′ρ + p′ρk′µ − p′µpρ − p′ρpµ] + (p′ · k) [2pµpρ − pµk′ρ − pρk′µ]
+ (p · k′) [−p′µpρ − p′ρpµ − p′µkρ − p′ρkµ] + (p′ · k′) [2pµpρ + pµkρ + pρkµ]
+ (p · p′) [−pµkρ − pρkµ − pµk′ρ − pρk′µ]
+gµρ [2 (p · p′) (p · k′) + (k · k′) (p · p′) + (p · k′) (p′ · k)− (p · k) (p′ · k′)] . (6)
3The next step is to integrate Eq.(4) over the Lorentz-invariant phase spae in a spei frame of referene, i.e.
1
(2π)5
∫ (
d3p′
2Ep′
)∫ (
d3p1
2E1
)∫ (
d3p2
2E2
)
δ(4) (p+ k − p′ − p1 − p2) e
6Q4a
4k′4
HµρL
µρ. (7)
Sine Lµρ depends only on the momenta of the nal leptons, we alulate rst the integral
∫
d4p1
∫
d4p2 δ
(4) (k′ − p1 − p2) δ+
(
p21 −m2
)
δ+
(
p22 −m2
)
Lµρ, (8)
where m denotes the lepton mass and then ontrat it with Hµρ. The alulation of Eq.(8) is partiularly simple in
the lepton pair enter-of-mass frame. After ontration, we still have to integrate over d4k′ and d3p′ and divide the
expression by the ux fator. In terms of the Mandelstam variables for the sattering proess at the parton level, the
subproess dierential ross setion reads
d2σC
dtˆdM2
= −
(
2α3Q4a
3
)
1
sˆ2
[
sˆ2 + uˆ2 + 2M2tˆ
sˆuˆ
]
Φ
(
M2
)
, (9)
with M2 being the invariant mass squared of the lepton pair and Φ
(
M2
)
= M
2+2m2
M4
√
1− 4m2
M2
θ
(
M2 − 4m2) . The
ross setion for photon-proton inelasti sattering in the parton model is obtained by summing Eq.(9) over all types a
of partons and all possible longitudinal momentum frations x weighted with the parton distribution funtions fa (x).
Furthermore, we write tˆ = −Q2 and sˆ = xs where s represents the square of the photon-proton enter of mass energy.
Sine the mass of the sattered parton vanishes, one gets x = Q2/ [2P · (k − k′)] ≡ xB . The Compton dierential
ross setion for inlusive photoprodution of lepton pairs an be then written as
d3σC [γp→ l+l−X ]
dQ2dM2dxB
=
2α3
3
∫ 1
0
dx δ (x− xB)
∑
a
fa (x)Q
4
a
1
(xs)2
[
(xs)
2
+
(
M2 +Q2 − xs)2 − 2M2Q2
xs (M2 +Q2 − xs)
]
Φ
(
M2
)
.
(10)
III. THE BETHE-HEITLER PROCESS
The Bethe-Heitler ontribution an be alulated from Feynman diagrams shown in Fig. 1. The amplitude reads
MBH = MBH1 +MBH2 = −e3Qa 1
(k − k′)2u(p
′)γµu(p)ǫν(k)u(p1)
[
2pν1γ
µ − γν 6kγµ
−2 (p1 · k) +
γµ 6kγν − 2pν2γµ
−2 (p2 · k)
]
v(p2),
(11)
and moreover
1
4
∑
polarizations
|MBH |2 = e
6Q2a
4 (k − k′)4
HµρL
µρ,
Hµρ = 4
[
pµp
′
ρ + pρp
′
µ − gµρ (p · p′)
]
,
Lµρ = 4
{
ABH
(p1 · k)2
+
BBH
(p2 · k)2
+
CBH
(p1 · k) (p2 · k)
}
,
ABH = (p1 · k) [pµ2kρ + pρ2kµ − gµρ (p2 · k)]−m2 [pµ1pρ2 + pρ1pµ2 − gµρ (p1 · p2)]
+m2 [pµ2k
ρ + pρ2k
µ − gµρ (p2 · k)]−m2 (p1 · k) gµρ +m4gµρ,
BBH = (p2 · k) [pµ1kρ + pρ1kµ − gµρ (p1 · k)]−m2 [pµ1pρ2 + pρ1pµ2 − gµρ (p1 · p2)]
+m2 [pµ1k
ρ + pρ1k
µ − gµρ (p1 · k)]−m2 (p2 · k) gµρ +m4gµρ,
CBH = 2 (p1 · p2) [pµ1pρ2 + pρ1pµ2 − gµρ (p1 · p2)]− (p1 · k) [pµ1pρ2 + pρ1pµ2 − 2pµ2pρ2]
− (p2 · k) [pµ1pρ2 + pρ1pµ2 − 2pµ1pρ1]− (p1 · p2) [pµ1kρ + pρ1kµ + pµ2kρ + pρ2kµ]
+2gµρ (p1 · p2)
[
(p1 · k) + (p2 · k)−m2
]− 2m2kµkρ. (12)
4Following the same proedure as in the previous setion and after some tedious algebra one obtains the subproess
dierential ross setion,
d2σBH
dtˆdM2
=
(
α3Q2a
) 1
sˆ2tˆ2
(
M2 − tˆ )
[−C1uˆsˆ+ C2tˆ ] . (13)
The oeients in Eq.(13) are the funtions of the invariants m2, M2 and (k · k′) = (M2 − tˆ ) /2 given by
C1 =
[
−4 + 6M
2
(k · k′) −
4M4
(k · k′)2 +
M6
(k · k′)3 −
20m2M2
(k · k′)2 −
4m4M2
(k · k′)3 +
6m2M4
(k · k′)3 +
16m2
(k · k′) +
8m4
(k · k′)2
]
× ln
[
1−
√
1− 4m2/M2
1 +
√
1− 4m2/M2
]
,
C2 =
[
4 (k · k′)− 4M2 + 2M
4
(k · k′) +
4m2M2
(k · k′) −
8m4
(k · k′)
]
ln
[
1−
√
1− 4m2/M2
1 +
√
1− 4m2/M2
]
+
[
4 (k · k′)− 8M2 + 4M
4
(k · k′) +
4m2M2
(k · k′)
]√
1− 4m
2
M2
.
Finally, one nds the Bethe-Heitler dierential ross setion for inlusive photoprodution of lepton pairs namely,
d3σBH [γp→ l+l−X ]
dQ2dM2dxB
= α3
∫ 1
0
dx δ (x− xB)
∑
a
fa (x)Q
2
a
1
(xs)
2
Q4 (M2 +Q2)
[
C1
(
M2 +Q2 − xs)xs+ C2Q2] .
(14)
IV. THE INTERFERENCE TERMS
Four Feynman diagrams give us eight interferene terms. It turns out, that they mutually anel eah other after
being integrated over the nal lepton momenta. To prove this, let us fous only on the integrals over the rst two
terms, i.e. MC1M
⋆
BH1 and MC1M
⋆
BH2 . They ontain the following expressions
∫
d4p1
∫
d4p2 δ
(4) (k′ − p1 − p2) 1
(p1 · k)Tr
[
(6p1 +m) γµ ( 6p2 −m) γξ 6p1− 66k +m
(p1 − k)2 −m2 γν
]
,∫
d4p1
∫
d4p2 δ
(4) (k′ − p1 − p2) 1
(p2 · k)Tr
[
(6p1 +m) γµ ( 6p2 −m) γν 666k− 6p2 +m
(k − p2)2 −m2 γ
ξ
]
. (15)
First, we use the delta funtion to integrate over d4p2. After we perform the transposition of the trae and the
momentum shift p1 − k′ = −p˜ of the seond integrand in Eq.(15), the latter assumes the form
∫
d4p˜
1
(p˜ · k)Tr
[
(6k′− 6 p˜+m)T γξT (666k− 66 p˜+m)
T
(k − p˜)2 −m2 γ
T
ν ( 6 p˜−m)T γTµ
]
. (16)
Sine the property CˆγµCˆ
−1 = −γTµ holds, where Cˆ represents the harge onjugation operator, one ends up with
−
∫
d4p˜
1
(p˜ · k)Tr
[
γµ (6k′− 6 p˜−m) γξ 666 p˜− 66k +m
(k − p˜)2 −m2 γν ( 66 p˜+m)
]
. (17)
The last expression is exatly equal but opposite in sign to the rst term in Eq.(15). Thus, by adding them we get
zero. In fat, the result of anellation is known in general as the Furry's theorem: Feynman diagrams ontaining a
losed fermion loop with an odd number of photon verties an be omitted in the alulation of physial proesses.
5V. KINEMATICS AND FIGURES
As x → 0, the dierential ross setions in Eqs.(10) and (14) beome singular. However, sine s − M2 ≥
(k − k′ + P )2 ≥M2p , one nds in the laboratory frame, whih is the rest frame of the proton with mass Mp,
[
1 +
(
2MpE −M2
)
/Q2
]−1 ≤ x ≤ 1, (18)
where E denotes the initial photon energy and Q2 = 2EE′ − 2E√E′2 −M2 cosϑγ −M2 is the invariant momentum
transfer. The energy of the pair and the angle between photons are denoted by E′ and ϑγ , respetively. In Fig. 2
both dierential ross setions are plotted against ϑγ at xed values of E = 40GeV, M = 3GeV and E
′ = 10GeV.
Muons are taken as leptons and the following simplied parametrization of parton distributions in the proton is used:
uval (x) = 1.89x
−0.4 (1− x)3.5 (1 + 6x), dval (x) = 0.54x−0.6 (1− x)4.2 (1 + 8x) and sea (x) = 0.5x−0.75 (1− x)7 [2℄.
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Figure 1: Feynman diagrams for Compton and Bethe-Heitler proess. In two rossed diagrams the real and virtual photons
are interhanged.
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Figure 2: Dierential ross setion for Compton (solid line) and Bethe-Heitler (dashed line) ontributions.
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